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Abstract

Background and aims: Delta-like 1 homolog (DLK1) is a noncanonical member 
of the Notch-signaling pathway that possibly inhibits Notch signaling. DLK1 is 
highly expressed during early mammalian liver development, but its expression 
declines in the fetus and is absent in postnatal liver. Since DLK1 is overexpressed 
in hepatoblastoma and hepatocellular carcinoma, while Notch1 deletion causes liver 
adenomas, DLK1 may control liver-cell proliferation and tumorigenicity. We, therefore, 
investigated the effects of pre- and postnatal DLK1 overexpression on liver growth in 
healthy livers and in a chronic liver-injury model.  
Methods: Alfp-Dlk1tg/- FVB mice, which overexpress full-length Dlk1 in the liver, were 
crossed with FVB Mdr2-/- mice.
Results and Conclusions: Early-onset (embryonic day12) and persisting strong 
overexpression of Dlk1 did not affect liver size, liver-cell proliferation, or spontaneous 
tumor formation, also not in Alfp-Dlk1tg/-/Mdr2-/- mice, although the decrease in 
hepatocyte ploidy in Mdr2-/- mice demonstrated this model to be a preneoplastic 
liver-injury model. Instead, DLK1 overexpression in Mdr2-deficient mice resulted in 
mitigation of bile-duct proliferation and downregulation of the expression of Notch1, 
Notch2, its downstream factors Hes1 and the biliary transcription factors Hhex 
and Sox9, underscoring the central role of Notch signaling in postnatal bile-duct 
proliferation and the role of DLK1 as an inhibitor of Notch signaling. The lower Hhex 
and Shp expression implies that Dlk1 overexpression also improved cholestasis in Alfp-
Dlk1tg/-/Mdr2-/- mice. Dlk1 overexpression did not affect Hnf6 expression, confirming 
that Hnf6 expression only regulates perinatal bile-duct formation.
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Introduction 

Delta-like 1 homolog (DLK1), also known as Preadipocyte factor 1 (Pref-1), is a 
noncanonical member of the developmentally conserved Notch signaling pathway, 
which plays an important role in cell-fate determination and terminal cell differentiation 
(1, 2).  DLK1 is an EGF-like transmembrane protein containing six tandem EGF-like 
repeats, a juxta-membrane region with a TACE (ADAM17)-sensitive cleavage site, a 
transmembrane domain and a short intracellular tail (3-5). DLK1 is widely expressed 
during embryonic development, but its expression is highly restricted after birth (6, 7). 
Its function has been most extensively studied during adipocyte differentiation, where 
soluble DLK1 inhibits adipogenesis through upregulation of the transcription factor 
Sox9 (8-11). Furthermore, DLK1 acts as a negative regulator of NOTCH1 signaling in 
the yeast-two-hybrid system and in the mesenchymal stem-cell line C3H10T1/2 (12, 
13). 

In embryonic mouse liver, high Dlk1 mRNA and protein levels rapidly decline after 
embryonic day (ED) ED17 to become  virtually undetectable just before birth (6, 7, 
14). In human liver, DLK1 expression is confined to the first month of embryonic 
life (15). Mouse ED14.5 DLK1-positive hepatoblasts display a higher proliferative 
potential than DLK1-negative hepatoblasts and are still able to differentiate into 
both the hepatocyte and biliary epithelial cell lineages (14). Furthermore, DLK1 is 
expressed in the cytokeratin19/α-fetoprotein-positive oval cells that develop after 
partial hepatectomy of 2-acetylaminofluorene-pretreated rat liver (16, 17). Recently, 
DLK1 expression was reported in hepatoblastoma, hepatocellular carcinoma and some 
other pediatric malignancies (18-24). Upregulation of DLK1 expression in both DLK1-
positive (HuH7, Hep3B and HepG2) and DLK1-negative (SMMC-7721) hepatocellular 
carcinomas resulted in increased proliferation and tumorigenicity in nude mice, 
whereas downregulation markedly inhibited cell growth and tumorigenicity (18). 
Collectively, the cited findings suggest an important role for DLK1 during hepatoblast 
proliferation and possibly carcinogenesis. 

The findings in developing liver and tumors contrast with those in transgenic mice, in 
which overexpression of soluble DLK1 that was mediated by the Albumin promoter 
did not increase hepatocyte proliferation or tumor formation (8). Two explanations to 
account for this paradox are conceivable. Firstly, membrane-bound DLK1 functions 
in an opposite manner to soluble DLK1 during adipocyte differentiation (25), so that 
the lack of a liver phenotype in mice that overexpress soluble DLK1 in their liver 
is due to the absence of membrane-bound DLK1. Since the Albumin promoter in 
transgenes only becomes activated toward the end of gestation, it is also possible that 
a temporary discontinuation of DLK1 expression in the late fetal period accounts for 
the absent postnatal phenotype. In the current study, we therefore investigated the 
consequences of pre- and postnatally persisting hepatocyte-specific overexpression of 
membrane-bound DLK1 that was initiated as early as ED12. In these Alfp-Dlk1tg/- mice, 
the expression of full-length DLK1 is driven by the Albumin promoter/α-Fetoprotein 
enhancer (26). To explore the possibility that the effect of DLK1 on hepatocyte 
proliferation might be stimulus-dependent, we also crossed Alfp-Dlk1tg/- mice with 
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Mdr2-/- (Mdr2-KO) mice. Mdr2-KO mice are unable to secrete phospholipids into bile 
and show progressive proliferative cholangitis with portal inflammation, which results 
in the development of liver tumors after 9-12 months. This process is accelerated 
by administration of a 0.1% cholate-containing diet (27, 28). We report that DLK1 
overexpression in Mdr2-KO mice did not increase liver proliferation or tumor formation. 
Instead, DLK1 overexpression did downregulate Notch-pathway signaling and markedly 
suppressed the expression of biliary markers and the proliferation of bile ducts in these 
cholestatic mice. These findings show that DLK1 can still function as a Notch-signaling 
modulator in postnatal liver.

Introduction 



133Part II

Materials and Methods

Generation of Alfp-Dlk1tg/- mice 
The generation of Alfp-Dlk1tg/- mice is described elsewhere (Chapter 4). In brief, 
full-length Dlk1 cDNA flanked upstream by the 2.3 kb murine albumin enhancer 
and promoter and a 155 bp human chimeric intron, and downstream by the bovine 
growth-hormone polyadenylation fragment followed by 3 core enhancer elements of 
murine α-Fetoprotein was injected into fertilized oocytes of FVB mice. Transgenic mice 
were identified by polymerase chain reaction (PCR) analysis on toe genomic DNA with 
Alfp-Dlk1-specific construct primers (Table 1). In this study, we used transgenic line 
1.5, which expresses DLK1 at a high level in all hepatocytes (Supplemental Fig. 1). 
Transgenic mice and control littermates were maintained on a 12h light/12h dark cycle 
with free access to water and food.

gene primers used for qRT-PCR 
analysis 5’-3’

gene primers used for qRT-PCR 
analysis 5’-3’

Dlk1 construct ATCACCTTTCCTATCAAC  
GCCCTCATCATCCACGCA

Sox9 ACTCTGGGCAAGCTCTGGAG 
CGAAGGGTCTCTCTTTCTCGCTCT

Mdr2ko TGTCAAGACCGACCTGTCCG 
TATTCGGCAAGCAGGCATCG

Hhex GGACGGTGAACGACTACACG 
GCCTTTCCTTTTGTGCAGAG

Mdr2wt GCGAGCAAAGTCCAGGTCTGC 
GCCTAGTTCAAAGTCGCCGTCC

Hnf6 CCCTGGAGCAAACTCAAGTC 
TTGGACGGACGTTATTTTC 

Notch1 TGCCTTCCTAGGTGCTCTTG  
TGGTCTCCAGGTCTTCGTCT

Fxr AACAGAAATGGCAACCAGTCATG
CAAAGCAATCTGATCTTCGTGATC

Notch2 CCAGGATTCACAGGAGAGGA 
CATTTTCGCAGGGATGAGAT

Shp AGCTGGGTCCCAAGGAGTAT
TGATAGGGCGGAAGAAGAGA

Hes1 ATCATGGAGAAGAGGCGAAGG  
CCTCACACGTGGACAGGA

18S TTCGGAACTGAGGCCATGAT
CGAACCTCCGACTTTCGTTCT

gene primers used for qRT-PCR 
analysis 5’-3’

gene primers used for qRT-PCR 
analysis 5’-3’

Dlk1 construct
ATCACCTTTCCTATCAAC

Hes1
ATCATGGAGAAGAGGCGAAGG

GCCCTCATCATCCACGCA CCTCACACGTGGACAGGA

Mdr2ko 
TGTCAAGACCGACCTGTCCG

Sox9
ACTCTGGGCAAGCTCTGGAG

TATTCGGCAAGCAGGCATCG CGAAGGGTCTCTCTTTCTCGCTCT

Mdr2wt
GCGAGCAAAGTCCAGGTCTGC

Hhex
GGACGGTGAACGACTACACG

GCCTAGTTCAAAGTCGCCGTCC GCCTTTCCTTTTGTGCAGAG

Notch1
TGCCTTCCTAGGTGCTCTTG

Hnf6
CCCTGGAGCAAACTCAAGTC

TGGTCTCCAGGTCTTCGTCT TTGGACGGACGTTATTTTC

Notch2
CCAGGATTCACAGGAGAGGA

CATTTTCGCAGGGATGAGAT

Table S1 Primers used for genotyping and quantitative PCR analysis. 
All primers were designed to span an intron.

Table 1 Primers used for genotyping and quantitative PCR analysis 
All primers used for quantitative PCR were designed to span an intron
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Materials and Methods

Dlk1/Mdr2-KO double transgenic mice fed a 0.1% cholate diet
We crossed Alfp-Dlk1tg/- mice with Mdr2-KO mice (30), both on the FVB background, 
and intercrossed their offspring to obtain Alfp-Dlk1tg/-/Mdr2-/- (Dlk1/Mdr2-KO) mice. 
The transgenic mice were identified by PCR analysis on toe genomic DNA with primers 
specific for the Dlk1 construct, the Mdr2-KO gene fragment and the Mdr2 wild-type 
gene (Supplemental Table 1).

Ten to 12 weeks old male and female wild-type (n=5), Alfp-Dlk1tg/- (n=6), Mdr2-KO 
(n=8) and Dlk1/Mdr2-KO (n=9) mice received a reference diet (AB diets, Woerden, The 
Netherlands), supplemented with 0.1% cholate, for 4 weeks.  The mice had ad libitum 
access to food and water. At the end of the experimental period, the mice were injected 
intraperitoneally with 4 mg of the thymidine analog 5-ethynyl-2’deoxyuridine (EdU; 
Invitrogen, Breda, The Netherlands) dissolved in Phosphate-Buffered Saline (PBS) at 
48 and 24 hours before sacrifice by CO2/O2 (70:30) inhalation. Mice were weighed, 
livers were collected, weighed and parts were either immediately used for nuclear 
isolation and flow cytometry of the nuclei, fixed in 4 % formaldehyde/PBS for histology, 
or frozen in liquid N2 for RNA isolation. The study was carried out in accordance with 

Dutch guidelines for the Care and Use of Laboratory Animals and approved by the AMC 
supervisory committee.

Assessment of liver proliferation: EdU flow cytometry
Hepatocyte nuclei were isolated from 1 gram of fresh liver that was homogenized at 
4°C in 10 mL 2M sucrose, containing 10 mM HEPES pH 7.6, 15 mM KCl, 0.15 mM 
spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M sucrose, 10% glycerol, 0.5 mM DTT, 
0.5mM PMSF, 2μM aprotinin with a Teflon/glass Potter homogenizer. The homogenate 
was loaded on a 3mL cushion of the 2M sucrose solution and centrifuged for 45 min 
at 24,000 rpm at 4 °C. The nuclear pellet was resuspended in 1 mL of PBS containing 
1% BSA (PBS/BSA). Because the EdU compound contains an alkyne group that can 
react with azide-labeled Alexa Fluor 647 (“Click-it” chemistry), EdU incorporation 
(proliferation) can be visualized. Briefly, the purified nuclei were incubated with the 
supplied fixation solution, washed with PBS/BSA, and incubated with the Alexa Fluor 
647-containing reaction cocktail for 30 minutes at room temperature in the dark. After 
washing with PBS/BSA, nuclei were resuspended in 500 μL PBS/BSA. Hereafter, 2 μL of 
the DNA-binding dye propidium iodide (excitation 488 nm) was added. Flow cytometry 
analysis was carried out in the FACSCalibur apparatus (BD Biosciences, Breda, The 
Netherlands) using a red emission filter.

Western blot analysis
For protein extraction, 50-100 mg liver tissue was homogenized in RIPA-buffer (50 mM 
Tris-HCl pH8.0, 1 mM EDTA, 500 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton X-100), 
containing protease inhibitors (Complete, Roche, Woerden, The Netherlands). The 
protein content was determined with the Bicinchoninic Acid (BCA) Reagent (Perbio 
Science Etten-Leur, The Netherlands). Fifty µg liver protein or 4 µL of 1:10 diluted 
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plasma per lane were separated on a discontinuous 10% polyacrylamide gel and 
blotted onto PVDF membrane (Biorad, Veenendaal, The Netherlands). After blocking, 
the blots were exposed overnight at 4º C on a platform rocker to goat polyclonal 
DLK1-A-17 antibody (Tebu-Bio, Heerhugowaard, The Netherlands) diluted 1:500 
in TENGT (10mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.025% (w/v) gelatin, 
0.05% (v/v) Tween-20). After incubation, membranes were washed 3x with TBST 
(5mM Tris/HCl pH 7.5, 0.15M NaCl, 0.1% (v/v) Tween-20), followed by incubation 
with peroxidase-conjugated donkey-anti-goat secondary antibody (Tebu Bio; 1:5,000 
in TBST) for 1.5 hour at RT. After washing with TBST, bands were visualized with 
Lumilight substrate (Roche).

Histology and Immunohistochemistry
Livers were fixed overnight in 4% formaldehyde, embedded in paraffin and sectioned 
at 7 µm thickness. The sections were deparaffinized, hydrated in graded alcohols, 
heated for 10 min at 120º C, 1 kPa in 10 mM sodium citrate (pH 6.0) to retrieve 
antigens, blocked in TENGT and incubated overnight with goat polyclonal DLK1-A-17 
antibody (1:500 diluted in TENGT), polyclonal rabbit antibodies against cytokeratin 
19 (CK19; 1:1,000 diluted in TENGT; home-made) and monoclonal Glutamine 
Synthetase antibodies (GS; diluted 1:1,000 in TENGT; BD Transduction Labs, Breda, 
The Netherlands). After washing, sections were incubated with alkaline phosphatase-
labeled secondary antibodies (rabbit-anti-goat, goat-anti-rabbit, and goat-anti-mouse 
antibody; all from Sigma, Zwijndrecht, The Netherlands), diluted 1:50, 1:200 and 
1:100 in TENGT, respectively, for 1.5 hour. After washing, staining was visualized with 
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP 1:50; 
Roche, Woerden, The Netherlands). 

Quantitative PCR analysis 
Total RNA from liver was extracted with Trizol reagent (Invitrogen). Two µg purified 
RNA was reverse transcribed with Superscript III reverse transcriptase (Invitrogen). 
Quantitation was carried out in the LC480 apparatus with SYBR green (Roche, 
Woerden, The Netherlands). Primers were intron spanning, designed with Primer3 
software at the supplied default settings (http://frodo.wi.mit.edu). Primer sequences 
are supplied in Supplementary Table 1. mRNA levels were normalized with 18S rRNA.

Statistical methods
Values are reported as means ± SEM. Statistical significance of differences between 
groups was evaluated with the Kruskal-Wallis non-parametric test. Significance was set 
at P < 0.05 and a trend was defined as 0.05< P < 0.10.

Materials and Methods
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Results 

DLK1 overexpression does not affect hepatocyte proliferation 
Alfp-Dlk1tg/- transgenic line 1.5 expresses DLK1 at a high level in all hepatocytes, but 
highest in the periportal hepatocytes (Supplemental Fig. 1B). Transgenic expression 
of Dlk1 in this line can be demonstrated as early as embryonic day 12 and persists 
postnatally (Supplemental Fig. 1C). Despite the continued hepatic overexpression of 
DLK1 in Alfp-Dlk1tg/- mice, they had similar liver weights (Fig. 1F) and morphology 
(Fig. 2A-C) as their wild-type littermates at all time points studied. Liver proliferation 
as assessed by EdU incorporation was also unaffected in Alfp-Dlk1tg/- mice (Fig. 1G). 
In agreement, we never observed any liver pathology in approximately 40 adult Alfp-
Dlk1tg/- mice of up to 1.5 years of age. 

DLK1 overexpression does not affect hepatocyte proliferation in 
Mdr2-KO mice
To assess whether DLK1 overexpression might affect liver proliferation in the setting 
of a chronic liver-injury model, Alfp-Dlk1tg/- mice were crossed with Mdr2-KO mice. 
The resulting Alfp-Dlk1tg/-/Mdr2-/- (Dlk1/Mdr2-KO) mice were placed on a 0.1% 
cholate-containing diet, together with Alfp-Dlk1tg/-, Mdr2-KO and wild-type (WT) 
mice. After 4 weeks on the diet, Mdr2-KO and Dlk1/Mdr2-KO mice were icteric due 
to hyperbilirubinemia (30). Their livers were ~2-fold enlarged (Fig. 1F), while liver-
cell proliferation as assessed by EdU incorporation was 4-5-fold increased relative 
to WT and Alfp-Dlk1tg/- mice (Fig. 1G). Furthermore, the number of octaploid nuclei 
had declined significantly (P < 0.001; Fig. 2H). However, there was no difference in 
proliferative activity in livers of mice that did (Alfp-Dlk1tg/-, Dlk1/Mdr2-KO) and that did 
not express Dlk1 (WT, Mdr2-KO), demonstrating that, also in a model of chronic pre-
neoplastic liver injury, DLK1 overexpression does not influence hepatocyte proliferative 
activity.. 

Supplemental Figure 1

wild-type Alfp-Dlk1-1.5

700
500
400

1 2 3 4 5LA B C

Figure S1 Liverspecific overexpression of DLK1
Panels A and B: Dlk immunhistochemistry of WT and Alfp-Dlk1 transgenic liver (line 1.5), 
respectively, with uniform DLK1 positivity in transgenic line 1.5. Panel C: Alfp-Dlk-specific PCR 
products of genomic DNA and liver cDNA. Lane 1: 685 bp PCR product in genomic DNA of a Alfp-
Dlk1tg/- mouse, lanes 3 and 5: 530 bp cDNA PCR product of ED12 and neonatal 1day liver of a 
Alfp-Dlk1tg/-  mouse, respectively, confirming continued expression of transgenic Dlk1 and correct 
splicing of the 155 bp chimeric intron. Lanes 2 and 4: absent transgenic Dlk1 expression in their 
respective littermates controls. L: DNA ladder.
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Figure 1 DLK1 overexpression does not affect hepatocyte proliferation in a chronic liver injury model 
Panels A-E: Flow cytometry sorting of EdU incorporation in hepatocyte nuclei. Y-axis shows 
the number of EdU-positive nuclei (red emission filter); X-axis shows forward-scatter, (diploid, 
tetraploid, and octaploid nuclei, respectively). Panel A: Control non-injected mouse (neg-co). 
Panels B-E: WT, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO liver, respectively. Panel F: Liver-body 
weight ratio of WT, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO mice. Panel G: EdU-positive nuclei, as 
a percentage of all nuclei in the sample. Panel H: Percentage of diploid (2n), tetraploid (4n), and 
octaploid (8n) nuclei (10,000 nuclei analyzed), *: P < 0.05.

Figure 1

F G H

Mdr2-KOAlfp-Dlk1WTNeg-co C DBA

E Dlk1/Mdr2-KO

Results 
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Figure 2

25 μm 
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Figure 2 DLK1 overexpression attenuates portal inflammation in a chronic liver injury model Panels 
Panels A-C: Alfp-Dlk1tg/- livers stained with H&E (panel A), cytokeratin-19 (panel B), and Sirius red 
(SR; panel C). Panels D, E: H&E-stained liver sections of two Mdr2-KO livers showing extensive 
portal inflammation with inflammatory cells near bile ducts (magnification in E) and widespread 
collagen deposition. Panel F: Porto-portal bridging fibrosis in a SR-stained Mdr2-KO liver. Panels G, 
H: H&E-staining of two Dlk1/Mdr2-KO livers (Dlk1/Mdr2-KO), with less inflammation and collagen 
deposition in panel H. Panel I: SR-stained Dlk1/Mdr2-KO liver with collagen deposition mainly 
confined to the portal field. 

Results 
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Results 

DLK1 overexpression attenuates proliferative cholangitis in 
Mdr2-KO mice 
Liver histology of Mdr2-KO mice assessed by H&E and Sirius-red staining showed, after 
4 weeks on a 0.1% cholate-containing diet, extensive inflammation around proliferating 
bile ducts (Fig. 2D,E) and widespread collagen deposition (Fig. 2F). Fibrosis was 
mainly of the portal bridging type (Fig. 2F). All Dlk1/Mdr2-KO livers (n=9) showed a 
comparable histopathology, but had developed less portal inflammation (Fig. 2G-I).

To better assess the effects of DLK1 overexpression on cholate-induced ductular 
proliferation, liver sections of wild-type, Alfp-Dlk1tg/-, Mdr2-KO and Dlk1/Mdr2-KO mice 
were stained for the cholangiocyte marker CK19. Wild-type livers showed the same 
CK19-staining pattern as Alfp-Dlk1tg/- livers (Fig. 2B). As expected, Mdr2-KO livers 
showed extensive ductular proliferation, with CK19 positivity extending well into the 
periportal liver parenchyma (Fig. 3A-C). Dlk1/Mdr2-KO livers, in contrast, showed 
a less severe ductular proliferative response, with less invasion of the periportal 
parenchyma, than Mdr2-KO livers (Fig. 3D-F). We scored 7 Mdr2-KO and 9 Dlk1/Mdr2-
KO livers, blindly for periportal invasion of bile ductular structures and portal bridging 
pattern and could assign 13 out of these 16 livers to the right genotype (P = 0.015).
Figure 3

Mdr2-KO Mdr2-KO Mdr2-KO

Dlk1/Mdr2-KO

50 µm200 µm

A B

D E F

C

Dlk1/Mdr2-KO Dlk1/Mdr2-KO

Figure 3 DLK1 overexpression attenuates bile duct proliferation in a chronic liver injury model
Panels A-C: Livers of 3 Mdr2-KO mice with intense CK19-positive ductular proliferation around 
portal veins with extension into the portal parenchyma. Magnified area in B shows both luminal 
and non-luminal CK-19 positivity. Panels D-F: Livers of 3 Dlk1/Mdr-KO livers with CK19 positivity in 
a porto-portal bridging pattern, but less invasion into the adjacent liver parenchyma than seen in 
Mdr2-KO livers.  
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DLK1 overexpression inhibits Notch signaling in Mdr2-KO mice
To assess whether the apparent decrease in cholangiocyte proliferative response in Dlk1/
Mdr2-KO livers was accompanied by an altered expression of transcription factors that 
affect cholangiocyte proliferation and differentiation, the mRNA abundance of Notch1, 
Notch2, Hes1, Sox9, Hhex and Hnf6 (31-34) was determined. The levels of these mRNAs 
did not differ between Alfp-Dlk1tg/- and wild-type livers (Fig. 4), but were, with the 
exception of Hnf6, 2-8-fold increased in abundance in Mdr2-KO livers (P values 0.05-
0.001, with a trend for Hes1 (P = 0.08); Fig. 4). The unaltered Hnf6 levels underscore 
our recent finding that Hnf6 mRNA levels are not significantly altered during postnatal 
secondary bile duct formation (35). In agreement with the attenuated proliferation of 
cholangiocytes, Notch1, Notch2, Hhex, and Sox9 mRNA levels in Dlk1/Mdr2-KO livers were 
significantly decreased (with a similar trend for Hes1) compared to Mdr2-KO livers and had 
declined to levels observed in wild-type livers (Fig. 4). 

To investigate whether the bile-acid receptor FXR (NR1H4) was involved in the striking 
effects of DLK1, we measured its mRNA level and that of its downstream target Small 
heterodimer partner (SHP or NR0B2). Both Fxr and Shp expression were lower in Dlk1/
Mdr2-KO than in Mdr2-KO livers, but due to variation the difference was not significant (P 
= 0.2 and 0.07, respectively; Fig. 4). 
 

Results 

Figure 4

Figure 4 DLK1 overexpression suppresses expression of transcription factors of the Notch pathway 
in a chronic liver injury model
The hepatic mRNA levels of Notch1, Notch2, Hes1, Sox9, Hhex, Hnf6, Fxr, and Shp were measured 
in wild-type (WT), Alfp-Dlk1tg/-, Mdr2-KO, and Dlk1/Mdr2-KO mice. Values are depicted as mean 
± SEM. (*: P ≤ 0.05; **: P ≤ 0.001; n=5-9 animals per group). Note selective upregulation of 
all transcription factors except Hnf6, Fxr and Shp in Mdr2-KO mice, and their return to WT control 
levels in Dlk1/Mdr2-KO livers. 
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Discussion

Transgenic mice with a life-long liver-specific overexpression of full-length DLK1, a 
putatively inhibitory ligand of the Notch pathway (12, 13), did not develop an obvious 
phenotype. However, when challenged in the context of the Mdr2-KO chronic liver-
injury model, Dlk1 overexpression did not affect liver-cell proliferation, but did limit 
the proliferative cholangitis and the increase in expression of the biliary transcription 
factors Notch1, Notch2, Sox9, Hes1, and Hhex (31, 32, 34, 36). . These findings 
confirm the inhibitory effect of the otherwise still poorly understood function of DLK1 
on Notch signaling. 

Because of the prominent expression of Dlk1 in embryonic liver and its decline in 
the fetal period, we hypothesized that any effect of DLK1 in adult liver might require 
the presence of a dividing cell population. For that reason, we crossed our Alfp-
Dlk1tg/- mice with Mdr2-/- mice. Mdr2 deficiency is a well-characterized model of 
cholestatic liver injury with increased cell turnover and fibrosis that is aggravated by 
cholate supplementation of the diet (27, 28). Liver-cell proliferation was assessed 
by determining the incorporation of the thymidine analogue EdU and quantifying the 
number of nuclei that had incorporated EdU by flow cytometry. EdU incorporation was 
previously successfully applied to assess proliferation in vitro by flow cytometry and in 
vivo by histological staining (37). By repeated intraperitoneal injection of a relatively 
large dose of EdU (4 mg/mice) at 48 and 24 hours before sacrifice, we successfully 
implemented the method for quantitative in vivo use. Because flow cytometry allows 
separation of nuclei of different size, we also noticed that the Mdr2-KO chronic 
liver-injury model led to a decrease in octaploid hepatocyte nuclei. This finding is 
remarkable, because the “normal” regenerative hepatocyte proliferation after partial 
hepatectomy is accompanied by an increase in the number of octaploid nuclei (38). 
Apparently, the chronic liver injury in Mdr2-deficient mice is a truly preneoplastic state, 
as the cells of a HCC are also characterized by a low degree of polyploidy (38). 

Mdr2-KO mice suffer from a 2-8-fold increase inn the expression of the biliary 
transcription factors Notch1 and Notch2, Hes1, Sox9, and Hhex. Overexpression of 
Notch1 stimulates hepatocyte-cholangiocyte transdifferentiation in mice (36), whereas 
postnatal inactivation of Notch1 in liver is reported to lead to nodular regenerative 
hyperplasia (39). Notch2 is involved in biliary cell-fate decisions (36) and bile-duct 
proliferation (40). The downstream targets of Notch signaling Hes1 and Sox9 (36) are 
also upregulated in Mdr2-KO mice. The apparent upregulation and functions of Notch 
signaling fit well with the phenotype of Mdr2-KO mice. Interestingly, Hnf6, another 
downstream target of Notch signaling (35), did not respond to Mdr2 deficiency, which 
underscores the notion that Hnf6 is involved in prenatal rather than postnatal biliary 
morphogenesis (33, 41). The increased expression of Hhex, finally, is of special note, 
since it is not only involved in biliary morphogenesis (34), but is also upregulated in 
hepatocytes upon chronic exposure to elevated bile acids in a FXR-mediated fashion 
(32). 
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Collectively, these data indicate that the ductular proliferation in the Mdr2-KO model of 
chronic liver injury is established by a reactivation of transcription factors involved in 
bile-duct formation. It should be noted that this program differs from that occurring in 
the prenatal rodent by the apparent absence of a role for HNF6.

Dlk1/Mdr2-KO mice showed a comparable increase in liver proliferation as Mdr2-KO 
mice after 4 weeks on a cholate diet. It is, therefore, all the more remarkable that 
CK19 immunohistochemistry revealed that ductular proliferation was less severe in 
Dlk1/Mdr2-KO mice. Since this mitigation of the ductular proliferation was accompanied 
by a marked downregulation of the biliary transcription factors that were upregulated 
by Mdr2 deficiency, our findings strongly suggest that DLK1 is an inhibitor of ductular 
proliferation by inhibiting Notch signaling. In fact, this role for DLK1 in liver appears 
to recapitulate that during liver development, because DLK1/Dlk1 expression rapidly 
declines when cholangiocyte differentiation and bile-duct formation are initiated at 
embryonic day 16 (6, 7, 14) . The lower expression of Fxr and its downstream target 
Shp (42, 43) in Dlk1/Mdr2-KO compared to Mdr2-KO livers further suggests that Dlk1 
overexpression improves the cholestatic condition in Mdr2-KO mice. Our findings 
suggest that modulation of Notch expression or signaling is a promising therapeutic 
target for cholestatic liver disease. 

Discussion
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